Individuals must constantly modify their gait patterns to safely transition between different surfaces. The goal of the current study was to determine if gait changes could be detected two steps from a transition, and whether these changes scaled with the angle of the hill. We hypothesized that during the anticipation of uphill walking and the aftereffect of downhill walking, the magnitude of kinetic and electromyography changes would be greatest at steep hill angles and fewer steps from the transition. We collected force and electromyography data as participants walked on the level ground before an uphill ramp and after a downhill ramp. As hypothesized, there were significant main effects for both the number of steps and angle of the hill for the first vertical GRF peak, as well as lateral gastrocnemius and vastus lateralis activity. Overall, our results indicate that when transitioning to and from hills, anticipation and aftereffect responses occur at least two steps from the transition and are scaled to the angle of the hill.
Walking humans encounter surfaces of various angles on a daily basis, from shallow accessibility ramps to steep hills outdoors. These individuals must constantly modify their joint mechanics to transition safely between surfaces and avoid falling. Because falls are the leading cause of accidental injury for all age groups (CDC, 2007) , we previously evaluated variables associated with fall risk during hill walking. Based on significant increases in gait variability and ankle flexion, which have been correlated with fall risk (Maki, 1997) , we determined that the transitions to and from level walking had a greater fall risk than level walking or hill walking alone (Sheehan & Gottschall, 2012) . Thus, it is important to determine the kinetic and muscular strategies used to safely transition to and from hills with varying distances from the hill as well as on a range of hill angles.
Evidence from past studies suggests that when transitioning to new surfaces, individuals modify their walking strategies in anticipation of the future surface. Prentice et al. (2004) found that during uphill walking, participants increased their toe clearance and toe velocity in preparation for a shallow, 3-degree ramp. They proposed that these were anticipatory changes to avoid tripping. Similarly, we discovered that when transitioning to and from stairs, the transition step joint angle profiles and muscle activities were most similar to the step on the new, future surface (Sheehan & Gottschall, 2011) . Thus, the first goal of the current study was to determine whether anticipation steps made on level ground one or two steps before the transition to hill walking scale with the angle of the future surface.
Like the anticipatory nature of transition steps, previous research has illustrated that there is also an aftereffect from one task to another. Gottschall and Palmer (2002) found that the cadence of a cycling bout affected step frequency during a subsequent running bout, indicating that there can be carryover between tasks. In addition, the kinematic patterns during split-belt treadmill walking have been shown to transfer to overground walking in post stroke patients (Reisman et al., 2007 (Reisman et al., , 2009 . While these studies investigated the aftereffects of a prolonged locomotor session, it is possible that similar modifications are present during an acute session. Therefore, our second goal was to determine whether aftereffect steps made one or two steps after the transition to level walking scale with the angle of the past surface. Redfern & DiPasquale (1997) and Lay et al. (2006 Lay et al. ( , 2007 investigated how ground reaction forces (GRF) and muscle activities change when walking on hills of different angles. They reported that not only do individuals modify their walking strategies when walking up and down hills, but also that these strategies depend upon the angle of the hill. In particular, during uphill walking, the second peak of the vertical GRF, the propulsive impulse, and the activity of the gastrocnemius are all greatest at steep angles (Lay et al., 2006 (Lay et al., , 2007 . During downhill walking, the first peak of the vertical GRF, the braking An Official Journal of ISB www.JAB-Journal.com ORIGINAL RESEARCH impulse, and the vastus muscle activity are also greatest at steep angles (Redfern & DiPasquale, 1997; Lay et al., 2007) . Thus, it is possible that anticipation and aftereffect modifications during transition steps will also be appropriately scaled. In addition, steeper hill angles would require greater changes in joint angle trajectories and muscle activity, potentially making it necessary to begin modifications further from the transition.
In the current study, we investigated the anticipation of uphill walking and the aftereffect of downhill walking. Just as walking strategies are determined by hill angle, we wanted to evaluate if transition strategies were also dependent on the future or past hill angle. Our first goal was to analyze whether, in preparation, level walking changes are made at least two steps before the hill transition and if these anticipation steps scale with the angle of the future surface. Therefore, we hypothesized that to accelerate the body during the uphill transitions, the second peak of the vertical GRF, the propulsive impulse, and the LG activity during late stance would be greatest at steep hill angles and fewer steps from the transition. Our second goal was to determine whether gait changes persisted two steps after the transition to level walking, and if these aftereffect steps scale with the angle of the past surface. We also hypothesized that to decelerate the body during the downhill transitions, the first peak of the vertical GRF, braking impulse, and VL activity during initial stance would be greatest at steep hill angles and fewer steps from the transition. In short, we expected there would be a significant main effect for step and angle.
Methods

Protocol
In accordance with the Pennsylvania State University Human Research Committee, 20 healthy college students, 10 male and 10 female (age = 21 ± 1 years, mass = 68.6 ± 15.4 kg, height = 1.72 ± 0.11 m; mean ± SD) completed the protocol consisting of level, uphill, and downhill walking trials at a self-selected velocity on a 25-m instrumented walkway. We used a custom-built ramp apparatus that was placed in series with two force plates on the level walkway ( Figure 1) . A complete data set comprised the successful completion of 5 level walking trials, as well as 5 uphill and 5 downhill trials at 7, 15, and 23 degree angles where the left foot was in contact with each of the 2 force plates (35 trials on each force plate yielding 70 trials total). Therefore, we collected the left foot forces during level walking, both 1 and 2 foot contacts before the uphill transition (Up), and 1 and 2 foot contacts subsequent to the downhill to level transition (Dn). The conditions are referred to by ramp angle, direction, and then step. For example, two steps from the uphill transition on the 7-degree ramp is denoted by 7Up2. Kinematic data were collected at 100 Hz using a sixcamera Motion Analysis (Motion Analysis Corporation, Santa Rosa, CA) 3D photogrammetry system and force data were collected at 1000 Hz using two force plates (Kistler Instrument Corporation, Amherst, NY). The motion data were then processed with a MATLAB (Version R206b, Mathworks, Natick, MA) program, which included a 7 Hz low-pass 4th-order Butterworth filter. The cameras tracked the movement of a retroreflective marker placed on the sacral crest (back). Horizontal speed was calculated as the displacement of the sacral crest marker during stance over the stance time.
We collected biceps femoris (BF), vastus lateralis (VL), lateral gastrocnemius (LG), and tibialis anterior (TA) muscle activity at 1000 Hz using a wired amplifier system (Bortec Octopus AMT-8, Calgary, AB, Canada). The electrodes (Vermed, A10041, Bellows Falls, VT) were placed over the muscles with an interelectrode distance of 2 cm in accordance with Cram and Kasman (1998) . The placement of the electrodes was verified with a series of functional tests from Winter et al. (1994) . We created linear envelopes from the EMG signals by high pass filtering the data at 20 Hz to remove the movement artifact, full wave rectifying, and finally low pass filtering at 5 Hz.
Data Analysis
We analyzed 4 force variables and 4 leg muscle activities. For the kinetics, we calculated the magnitude of the first and second vertical peaks of the GRF (V peak1 , V peak2 ) and the braking and propulsive impulse (I brake , I prop ). For the muscle activity, we calculated the area under the BF, VL, LG, and TA activity curves for 2 time segments during stance; initial stance from 0 to 20% of stance (iST) and late stance from 57 to 81% of stance (lST). All variables were normalized to the maximum of the level walking trials on the corresponding force plate (steps on force plate 1 were normalized to level walking values from force plate 1).
Statistical Analysis
To determine if there was a significant main effect for angle or number of steps from transition, we performed a 4 (angle) × 2 (direction) × 2 (step) factorial ANOVA for each variable, including speed. This was followed by a Newman-Keuls post hoc test to determine if there was a significant difference between level walking and a specific angle or step. Differences were considered significant at p < .05.
Results
In support of our hypothesis, force and muscle activity variables showed significant effects for step and angle. There was a significant effect for V peak1 , increasing with both step (p < .01) and angle (p < .001), whereas I brake only had an effect for angle (p < .001). There was also a significant effect for step for all of the muscles in late stance and the LG and VL in initial stance (all values p < .01). Finally, there was a significant effect for angle for all of the muscles, during both initial and late stance (all values p < .001).
We found a number of differences between the level walking steps and transition steps due to anticipation and aftereffect. To reiterate, both the uphill anticipation and downhill aftereffect transition steps were on the level ground. To start, during the uphill transitions, V peak2 was, on average, 29% greater (p < .001) than level walking for all conditions during step 1 (Table 1A, Figure 2A ). In addition, I prop was on average 9% greater (p < .01) than level walking for all Up transition conditions except 7Up2 and 23Up1 (Table 1A, Figure 2C ). The LG activity during late stance was on average 92% greater (p < .001) than level for all of the Up1 transition conditions (Table  2C , Figure 3A) . Similar to the above anticipation step results, there were multiple significant differences between level walking and aftereffect steps. During the downhill transitions, V peak1 was, on average, 24% greater (p < .001) than level walking for all conditions except 7Dn1 (Table 1B, Figure  2B ). For all downhill conditions, I brake was greater than level walking, on average 32% greater (p < .001) for Dn1 transition conditions and 12% greater (p < .05) for Dn2 transition conditions (Table 1B, Figure 2D ). During initial stance, VL activity was, on average, 71% greater (p < .01) than level walking for all conditions (Table 2B, Figure 3D ).
Though not directly hypothesized, there were a number of kinematic and muscle activity differences between angles and steps. For instance, the horizontal speed was on average 0.07 m/s greater than level walking for the 15Dn1 and both 23Dn1 and 23Dn2 conditions (p < .05, Table 3 ). While the initial stance TA activity during the 7-degree conditions was no different than level walking, it was 23% greater (p < .05) than level in 15Up1 and 34% greater (p < .001) in 23Up1 (Table 2, Figure 4A ). In addition, the BF activity during initial stance was only significantly different from level for the 7Dn conditions (each value p < .05, Table 2, Figure 4D ). 
Discussion
The step and angle effects during the transition conditions suggest that participants were modifying their walking strategy, both as an anticipation of the future uphill surface and as an aftereffect from the past downhill surface. Just as hill walking patterns scale with angle, our findings suggest that a similar scaling occurs during the transition steps before and after contacting the hill surface. The force variable effects for hill angle may be related to the required acceleration or deceleration due to gravity. Keller et al. (1996) found that during level walking GRF increases linearly with speed. Thus, if V peak1 and I brake only relied on speed, this would indicate that these kinetic variables would only change in the conditions when speed was modified. However, this is not the case for I brake during the Dn transition conditions. Speed was greater than level walking for the 15Dn1 and both 23Dn conditions, while I brake was greater than level walking from 7 to 15 degrees, but less at 23 degrees. This indicates that the GRF variables are not simply related to speed; rather, they may be related to a shift in strategies from horizontal propulsion to vertical propulsion.
The V peak2 and I prop differences from level suggest a propulsion focused transition strategy during the uphill anticipation steps. The greater V peak2 and I prop during the uphill transitions suggest that walking humans actively prepare for the added propulsive demands to ascend a hill by increasing both horizontal and vertical force production. In addition, it is likely that the lack of a significant difference during the 7Up2 condition is because for a shallow hill, it is not necessary to prepare 2 steps in advance. This interpretation may also explain why Prentice et al. (2004) , in their investigation of hills with a maximum angle of 12 degrees, asserted that the anticipatory changes during the transitions were only happening during the swing phase immediately before the transition. It is possible that at these angles the required level walking modifications were not extreme enough to be significant. In our study, the fact that V peak2 was greater for all angles while I prop returns to level walking values at 23 degrees supports the interpretation that the strategy changes from a horizontal propulsion strategy at angles under 15 degrees to a vertical acceleration strategy for the 23 degree hill. Earhart & Bastian (2000) found that when participants stepped on 15 degree wedges, they switched the timing of peak joint angles and onsets of muscle activity between 2 discrete strategies across trials within the same condition. During wedge stepping at 10 degrees, participants' kinematic and muscle activity patterns were similar to those seen during level walking. This supports our explanation that different strategies are employed depending on the hill angle, and that shallow angles have similar patterns to level walking.
While both the VL and LG activity had a significant effect for step, the BF and TA activity during initial stance did not, which may be due to the function of the muscles. This lack of difference is likely because, unlike the VL and LG with primary activity during propulsion, the BF and TA are active as the leg is decelerating before footstrike and ensuring proper toe clearance during swing, respectively (Gage et al., 1995) . Thus, during the steps on level when the toe clearance requirements are the same, these muscles are going to have similar activities during the transition steps in initial stance. In addition, based on the propulsion strategy, the primary changes during stance would be related to propulsion. Despite the numerous significant differences, our conclusions are limited by the position of the force plates in the instrumented walkway. In addition, we were only able to collect the anticipation of uphill walking and the aftereffect of downhill walking. So, we were not able to characterize both the anticipation and aftereffect of a single direction, nor could we evaluate more than 2 steps from the transition. Also, the ramp apparatus was only 2.4 m long, so the transition strategies used on the ramp may not be exactly the same as if the participants were actually transitioning onto a large hill. In the future, we hope to further investigate how far from a transition gait modifications are made, as well as at what angle these transition strategies change.
Overall, our results indicate that when transitioning to and from hills, anticipation and aftereffect responses occur at least two steps from the transition and are scaled to the angle of the hill. It appears that propulsive muscles such as VL and LG as well as GRF variables such as V peak1 have the greatest response to changes in hill angle. In addition, it seems that there is a shift in strategies around the 15-degree hill. For angles less than 15 degrees, the strategy is to increase horizontal propulsion, but for angles greater than 15 degrees, the strategy switches to increase vertical propulsion. Based upon these conclusions, it may be difficult for some populations to shift strategies. Therefore, it is important to take into account both the angle of the ramp as well as the distance from the ramp because individuals with less flexible motor capabilities, such as from neurological disorders or orthopedic injuries, may have difficulty during hill transitions with shorter transition distances and at steep angles.
